ABSTRACT Cotton, Cossypium hirsutum L., was planted in experimental plots in the west central San Joaquin Valley of California, during two consecutive seasons. Plants were treated with dicofol, methyl parathion, and/or permethrin, to manipulate densities of spider mites, Tetranychus spp., within the plots. Spider mite densities were also modified by inoculative releases of Tetran ychus turkestani Ugarov & Nikolski. Several times throughout each season, the relative abundance (Le., proportion) of each of three spider mite species, Tetranychus urtlcae Koch, T. pacificus McGregor, and T . turkestant, was determined. In 1982, T . pacificus was the dominant species in all treatments, with a relative abundance of 0.85 in the dicofol plots, and 0.67 in the untreated control. However, T . pactficus was less dominant, and significantly lower in relative abundance in plots treated with methyl parathion (0.53) than in dicofol-treated plots. Conversely, T. turkestani was higher with methyl parathion (0.34) than with dicofol(O.13). In 1983, trends were similar to 1982, although T . urticae was the dominant species in the untreated control, with a relative frequency of 0.49. Permethrin and dicofol had a negative impact on the relative abundance of both T . turkestani and T . urticae. Populations of T. urticae exhibited susceptibility to dicofol, relative to the dicofol resistance of T . pacificus. Early-season inoculative releases of T . turkestani increased the relative abundance of T. turkestani especially in untreated plots. However, late releases were less effective than early releases in promoting the buildup of T . turkestani, relative to the other two species. al. 1983, 1985 Because the amount and type of damage to cotton varies with each species (Leigh 1963 , Brito et al. 1986, it is desirable to segregate such data accordingly. Greater refinement of management programs would be possible with the establishment of thresholds for each of the three spider mite species that inhabit cotton. To date, Few data are available on the relative abundance of these three species during the cotton growing season, even though evidence suggests that they are not equally abundant in space or time (Leigh 1963 , Jackson & Leigh 1967 , Dennehy et al. 1987a , Grafton-Cardwell et al. 1987 .
during the cotton growing season, even though evidence suggests that they are not equally abundant in space or time (Leigh 1963 , Jackson & Leigh 1967 , Dennehy et al. 1987a , Grafton-Cardwell et al. 1987 .
A precursor to determining species-related injury levels is simply understanding the relative frequency of each spider mite species on cotton, as affected by various biological and environmental factors. Some of these factors include predation by natural enemies, pesticide interference, and migration. To our knowledge, there are no reports that quantify the effects of any of these factors on the relative abundance of spider mites on cotton.
Recent investigations have established that the proportion of leaves infested with spider mites, P(I), is a reliable estimate of spider mite population densities on cotton, as well as an excellent criterion for action thresholds (Wilson et a]. 1981 (Wilson et a]. , 1983 (Wilson et a]. ,1985 . Evidence suggests that cotton plants can sustain higher P(I) than previously believed, and that 0.5-0.8 can be considered conservative levels (Goodell & Roberts 1985) . To determine the validity of a higher action threshold, we treated spider mite populations with dicofol at 0.2 P(1) and at 0.8 As a contrast to dicofol, methyl parathion was also included in the study. This method simultaneously allowed us to study the effect of various acaricides Because cotton has historically been heavily treated with pesticides, spider mites on cotton are coininonly exposed to these chemicals, and often develop resistance that leads to spider mite outbreaks (Bartlett 1968 , Reynolds et al. 1982 , Iftner & Hall 1984 , Penman & Chapman 1988 . It is of fundamental importance in studying spider mite population dynamics to have access to, or to induce (e.g., through chemical mediation), a broad range of densities that can be compared. Investigators have found it convenient to test the efficacy of natural enemies by chemically treating cotton plants (Ehler et al. 1973 , Trichilo & Leigh 1986 , and permethrin often has been used as an experimental device to control natural enemies (Braun et al. 1987a , Penman & Chapman 1988 . The use of chemicals such as permethrin to regulate natural enemies simulates the management practice of using these compounds to control key pests, because insecticide applications often result in occasional or moderate pests such as spider mites becoming severe problems (Bartlett 1968 , Iftner & Hall 1984 , Trichilo & Leigh 1986 ). Treating spider mite populations with permethrin allowed us to better analyze spider mite species relationships at economically injurious levels.
Spider mite populations often peak in middle to late season or have peaks with variable timing from year to year. Thus, spider mites can only be evaluated reliably in terms of their effect on intermediate and late fruit formation, and early fruit maturation, Inoculating cotton plants with a particular spider mite species allows analysis of spider mite infestation on plants of varying age, as well as the effect of establishment time on the relative abundance of that species. Because its feeding damage is the most severe of the three species (Brito et al. 1986 ), T. tiirkestani was chosen for inoculative release in our study.
Materials and Methods
Experimental Design. Data on the relative abundance of spider mites on cotton were collected during the summers of 1982 and 1983 at the University of California Westside Field Station. The cultivar 'Acala SJ-2' was planted 5 April during each season, and thinned to a stand density of 100,000 plants/ha. In each of the 2 yr, individual plots measured 2,800 m2 (56 rows by 50 m). Experimental plots were irrigated and managed using standard practices, although insecticide and acaricide applications were made in accordance with each experimental design.
In 1982, a factorial experiment, which totaled 6.7 ha, was developed in the form of a split plot design, in which four 1.7-ha plots were divided into six subplots, each subplot representing an acaricide treatment. Each block consisted of one of four levels of the insecticide permethrin. The acaricide treatments consisted of ( 1 ) an untreated control, (2) dicofol at 0.56 kg (AI)/ha (half label rate), applied when designated plots reached 0.2 P(I), (3) dicofol(l.12 kg[AI]/ha) at 0.2 P(I), (4) dicofol(l.12 kg [AI]/ha) at 0.8 P(I), (5) methyl parathion at 0.56 kg (AI)/ha (half label rate) applied on 2 July, and (6) methyl parathion at 1.12 kg (AI)/ha on 2 July, The permethrin blocks consisted of (1) an untreated control, (2) permethrin at 0.112 kg (AI)/ ha (full label rate), applied on 11 June and 17 June, (3) identical to 2, but with a third application of permethrin on 2 July, and (4) identical to 3, but with permethrin at 0.056 kg (AI)/ha (half label rate). The use of permethrin was an attempt to stimulate an increase in spider mite densities. To ensure at least minimal infestations, a small number of spider mites on leaves collected from an infested cotton field with damage resembling that of T . turkestani was released throughout all plots on 4,9, 15, and 22 June. The factorial design, which was based on the assumption of spatial homogeneity, was used to minimize the extent of chemical and arthropod drift betvfeen plots, and thus better ensure that measurements were treatment effects and not artifacts of small plots. Plots were sampled for relative species abundance on 20 July, 4 August, 15 August, and 1 September. Sample dates were chosen to bracket in time the period of peak bloom to peak boll formation. Samples consisted of 40 mainstem leaves per plot, one leaf sampled per plant. The leaf chosen varied with plant growth, and represented the mainstem node most likely to have spider mites (Le., 6-9 nodes from the terminal) (Wilson et al. 1983) . Species identification was conducted on 10 male spider mites from each 40-leaf sample. Males were identified on the basis of adeagus morpliology, as described by Tuttle & Baker (1968) . Voucher specimens of the three species are present in the University of California-Davis Department of Entomology Museum. Relative abundance was determined by calculating the fraction of each species, in relation to the total number of male spider mites identified.
In 1983, a modified factorial experiment encompassing 7.3 ha was also implemented in the form of a split plot design. In this study, T . turkestani from laboratory-reared colonies was released into the field on five dates (8 June, 22 June, 6 July, 20 July, 3 August) corresponding to five experimental blocks. Each block (about 1.1 ha) was divided into four subplots (split plots). Except for the control, subplots received two applications of permethrin at 0.112 kg (AI)/ha, 4 d apart, with the second application 2 d before the release of T . iurkestani.
Each subplot consisted of (1) an untreated control that received no mites, (2) mites re1eased, Permethrin at 0.112 kg (AI)/ha, and dicofol (1.12 kg [AI]/ha) applied at 0.2 P(I), (3) mites, permethrinv and dicofol applied at 0.8 P(I), and (4) mites, Permethrin, but no dicofol.
In addition, a sixth block was used to test for spatial homogeneity, and accounted for the modified part of the design. This block received no pesticides and was divided into six subplots. Five of these subplots received inoculative releases of T . turkestani, corresponding to the mite release dates of each of the other five blocks. The sixth subplot, a control, received no spider mites. Each of the five mite release treatments within block VI were added to the overall analysis, which thus became a modified 5 x 5 factorial design.
The experimental design allowed for the testing of homogeneity between blocks, in which an analysis of variance that encompassed the factorial design was used on the untreated, uninoculated control data from each of the six blocks. Given that each untreated plot originated from a different block, the null hypothesis H,, was that no difference existed between blocks. Plots were sampled on five dates, which included and 14-16 September. However, because of low mite population densities, the first two sample dates provided an insufficient number of males and were not included in the analysis. Sampling and male identification methods in 1983 were identical to those in 1982, except that 20 males, rather than 10, were identified per 40-leaf sample. Source of T. trrrkestani. In 1983, colonies of T. turkestani, originally obtained from cotton in the southern San Joaquin Valley, were maintained on cotton cotyledons in an isolated chamber at =3O0C, under constant fluorescent illumination. Spider mite colonies were established to reach peak densities corresponding to dates of inoculative release in the field. On appropriate release dates, mite-infested cotyledons from the colony were systematically placed approximately every 2 m, every other row, throughout the plot on individual cotton plants, between the stem axis and a mainstem leaf axil. The mainstem leaf node chosen represented the 26 July, 1-2 August, 15-18 August, 29-31 August, most likely focus for a spider mite infestation (see Wilson et al. 19S3) .
Statistical Analysis. Analysis of variance (ANOVA) was conducted using SAS statistical packages (SAS Institute 1985) . Because the data in this study involved proportions which totaled unity, when species were analyzed simultaneously (as a class variable), .-\NOVA did not produce valid F values for main effects, other than species. The analysis did, however, allow determination of significant interaction among most factors, with the assumption that the highest order interaction becomes the error term (Zar 1984) . Significant speciesmain effect interaction can be interpreted as a significant main effect, because a proportional change in one species must be accompanied by an opposite change in at least one of the other species, which is thus an interaction. The proportional problem also was circum\ented by analyzing the data by species, and thus removing species as a variable from the analysis.
Because proportional data are often not normally distributed, all analyses were performed before, and after, an arcsine square root transformation of the data (Steel dr Torrie 1980) . Although most of the analyses became slightly more conservative as a result of the data transformation, significant ANOVA effects were unchanged. Results presented in the figures and text are untransformed means of data summed over sample date. Tukey's multiple comparison test (Tukey 1953) was used to distinguish significant differences between treatments at the 5% level, and all reported significant main effects and interactions are at a = 0.05.
Results

1982
Variation Over Time. In the untreated control, although there \vas fluctuation, T , pacijcus was consis ten tl y the most dominant species throughout the season in 1982 (Fig. 1) . Applications of dicofol that corresponded to 0.2 P(1) occurred on 9 July and 15 July (Table 1) . Dicofol treatments at 0.8 P(1) occurred on 16 July and 21 July, for Blocks II-IV. However, Block I did not reach 0.8 P(1). Both methyl parathion treatments were applied on 2 July. The first samples were taken at least 18 d after the application of methyl parathion, 5 d after the application of dicofol at 0.2 P(I), and in between dicofol treatments at 0.8 €'(I).
Effect of Pesticides. Relative frequency of T. pacificus was significantly higher than that of the other two species. Relative abundance of T , pacifficus, 0.85, was significantly higher in the presence of dicofol (half rate) at 0.2 P(I) than when treated with methyl parathion at half rate, 0.53, but was not significantly higher than the untreated control, 0.67 (Fig. 2) . Conversely, T . turkestani was significantly lower, 0.13, in the dicofol treatment (half rate) at 0.2 P(I), than in the methyl parathion treat- ment at half rate, 0.34 (Fig. 2 ). Relative abundance of T . turkestani was 19% lower than T . pacificus in plots treated with methyl parathion at half rate, but 72% lower than T . pacificus in plots treated with dicofol at 0.2 P(1) (half rate). However, the effect of dicofol did not significantly change the relative abundance of T . furkestani from that of the untreated control, and the relative frequency of T . urticae was not significantly changed as a result of any of the treatments (Fig. 2) . There was no significant difference in the relative abundance of each species between plots treated with dicofol at 0.2 P(1) and those treated at 0.8 P(1).
In 1982 there was no significant change in species relationships as a result of permethrin applications, although T . pacificus was significantly dominant (Fig. 3) .
1983
Spatial Homogeneity. Analysis of the untreated plots from each block resulted in a significant species effect, but no significant species-block interaction, and no significant block effect. Therefore, we did not reject H, and concluded that for our study, the blocks were spatially homogeneous.
Variation Over Time. Based on spider mite infestation rates in 1983, dicofol at 0.2 P(1) was applied on 25 June, 30 June, 9 July, or 22 July, and at 0. (Fig. 4) .
Effect of Pesticides.
As in 1982, T . pacificus was dominant, 0.70, in the presence of dicofol (half rate) at 0.2 P(I), and registered significantly higher than it did in the untreated control, 0.44, in spite of the releases of T . turkestani in the dicofol treatments (Fig. 4) . However, the relative abundance of T . urticae was significantly lower in the same dicofol plots, 0.23, than in the control, 0.49. The relative abundance of T . turkestani was significantly lower in mite release plots treated with dicofol and permethrin, 0.10, than in untreated mite release plots, 0.34 (Fig. 4) . Again, as in 1982, there was no significant difference in relative species abundance between dicofol at 0.2 P(1) and 0.8 P(1). There was no significant difference in the relative frequency of T . pacificus between the untreated control and those plots that received mites and permethrin, but no dicofol (Fig. 4) . However, the relative abundance of T . pacificus was significantly lower in mite release plots that did not receive permethrin, 0.21, than in those that did, 0.43. In the nonpermethrin treatment, the relative abundance of T . pacijicus was significantly lower than that of T . urticae, and marginally lower than that of T . turkestani. Both T . urticae and T . turkestani exhibited (not significantly) lower relative abundance in mite release plots treated with permethrin, 0.33 and 0.23, respectively, than in mite release plots without permethrin, 0.45 and 0.34 (Fig. 4) urticae were correspondingly lower in early mite release plots.
In Fig. 5 , average relative abundance includes data from the untreated plots with no mites released. By observing individual treatments, it becomes apparent that spider mite releases were effective in significantly raising the average relative abundance of 7'. turkestani over the untreated control on 22 June, 20 July, and 3 August, but less so on 8 June (Fig. 6) . T. turkestani populations were consistently low in untreated, uninoculated plots, but generally higher (except for 6 July) in plots that received mites but no pesticides. They were, however, moderately high in dicofol plots, and permethrin-no dicofol plots, representing the 8 June (first) release date.
The proportional dominance by T . turkestani over the other two species in the 22 June release date plot that did not receive permethrin or dicofol, 0.78, was not observed in samples from later release dates (Fig. 6 ). The drop in relative abundance of T. turkestanl in plots of the late release dates (Fig.   5 ) resulted primarily from reduced frequencies in untreated plots compared with the 22 June release date, and a strong expression of dicofol susceptibility in dicofol-treated plots (Fig. 6 ).
Discussion
Variation Over Time. Investigators have speculated that abundance of spider mite species is a function of geography and climate (Leigh 1963 , Brito 1980 . It has also been suggested that the relative abundance of each species varies according to time of season; T. ttirkestanl is an early season species, T. urticae late season, and T . pacificus 
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Average effects of four permethrin levels on relative abundance of three species of spider mites o,, cotton in 1982. Levels were as follows: no permetilrin; permethrin at 0.112 kg (AI)/ha, applied on 11 June arid 17 June; permethrin applied on 11 June, 17 June, and 2 July; permethrin at 0.056 kg (AI)/ha (=Vi permethrin), applied on 11 June, 17 June, and 2 July. Vertical bars + 1 SE, Fig. 3 increases throughout the season (Jackson 81 Leigh 1967 , Leigh & Burton 1976 , Brito 1980 . However, the reason for this seasonality is open to speculation. Dennehy et al. (1987a) found that T . urticue was dominant early in the season (June), and later gave way to T . pacificus (August) . The authors suggested that species dominance is tied to acaricide resistance, and that the seasonal change in species represented an inter-as well as intraspecific shift from susceptible to resistant phenotypes. Another report indicated that T . turkestani was dominant in early season (May and June), but later (August) T . urticae had become dominant (Grafton-Cardwell et al. 1987) . These data suggest higher late-season frequencies of T . turkestand than we have observed.
Spider mite species have perpetuated within the cotton system, in spite of an onslaught of pesticides, and it is difficult to define the normal state. Thus, an untreated control may no longer represent the normal condition, and consideration of competition among spider mite species should include the effect of chemical mediation. Moreover, there is a great potential for the continued reinvasion of resistant phenotypes into relatively small experimental plots from external cultivated and noncultivated (i.e., weed) hosts.
Effect of Acaricide. Resistance to sulfur, dicofol, and propargite on cotton has been well documented for T . pacificus and T. urticae, whereas T . turkestani has remained conspicuously susceptible to all three compounds (Dennehy & Granett 1984; Dennehy et al. 1987a,b; Grafton-Cardwell et al. 1987) . Our results support these findings. Di- lier in the season. Thus we can assume that frequencies of T . turkestani in dicofol-treated plots were the lowest achievable in our experiments, irrespective of statistical significance. At such low frequencies, some spider mites will invariably escape pesticide exposure, and thus, always be present to some degree. Although there are reports of dicofol resistance in some strains of T . urticae (Dennehy et al. 1987a ), our results suggest that populations of this species in our study were susceptible to dicofol. Dennehy et al. (1987b) suggest that dicofol resistance is unstable. However, resistance may never have existed in our populations of T . urticae.
That the relative abundance of T . turkestani was significantly higher in the presence of methyl parathion than with dicofol suggests that this species was not negatively affected by methyl parathion. McWhorter (1982) reported evidence of organophosphate resistance in T . turkestani, and methyl parathion has also been reported to stimulate increased fecundity in T . urticae ). The decrease in relative abundance of T . pacificus from dicofol to methyl parathion treatments indicates a loss of the selective advantage it gained in the presence of dicofol.
Pesticide resistance can contribute in large part to the competitive fitness of spider mites on cotton. Carey & Bradley (1982) showed that there were essentially no differences in reproductive fitness, based on the intrinsic rate of increase, I, between the three spider mite species. Thus, the proportional dominance by T. pacificus must be due to an external selective advantage, such as chemical mediation. The potential reservoir for T. puci$~us is vast (e.g., cotton, alfalfa, grapes, almonds), and experimental control plots are likely to reflect the overall relative species abundance of the environment around them. Braun et al. (1987a,b) reported that permethrin was not toxic to spider mites, and that sublethal levels had no effect on reproductive rate. The authors concluded that permethrin reduced the levels of natural enemies, thereby stimulating spider mite outbreaks. Iftner & Hall (1983, 1984) , reported that permethrin caused feeding disruption and dispersal in T. urticae, and in another case, higher fecundity and faster development. Spider mites generally have higher reproductive rates at low densities when dispersed, than at high densities when clumped (Wrensch & Young 1978) . Penman & Chapman (1988) suggested that this difference is because at lower densities, mites are less subject to density-dependent competition.
We observed that permethrin had a slightly (not significant) negative effect on the relative abundance of T. turkestani and T. urticae that was significantly amplified by the application of dicofol. It is unlikely that predation alone was species selective for spider mites on cotton, and therefore predation would not account for fluctuation in relative spider mite abundance. Dominance by T . pacificus suggests that because this species was the most abundant (due to dicofol resistance), it was most readily able to benefit from a chemical stimulus or reduced predation pressure, which are potential outcomes of permethrin applications.
Effects of Inoculative Release. As an experimental treatment, inoculative release in 1983 moderately increased the relative abundance of T. turkestani in the field, and the timing of the releases proved to be critical, with only the early releases giving rise to an increase in establishment of T. turkestani. The importance of establishment time is further accentuated in Fig. 6 , which indicates that T . turkestani was sufficiently well established before the first release date and could maintain moderately high relative abundance even in the presence of dicofol.
Late releases resulted in lower levels of T. turkestani in untreated plots than did early releases, which suggests that natural populations of T. turkestani were not sufficiently present later in the season to bolster the late releases. Therefore, dicofol susceptibility was more readily expressed in late releases than in early releases. Moreover, late releases allowed progressively more time for the other species to increase (through reproduction and immigration from surrounding fields), relative to the constant numbers of T . turkestani that were released.
Yield loss is directly proportional to date of infestation, and in general, earlier infestations give rise to greater losses (Furr & Pfrimmer 1968 , Miss tric 1969 , Wilson 1986 ). Because degree of damage is species dependent, time of spider mite establishment is of even greater consequence when relative species abundance is considered. With the avail. ability of a species component, management models should be able to generate greater specifkity as to the degree of expected damage, based on date of spider mite establishment within the cotton system,
